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Physically assembled gels have promising applications in many fields because of their tunable
mechanical properties. Here, we report the mechanical properties as a function of polymer volume
fraction (φ) for a physical gel system consists of poly(styrene)-poly(isoprene)-poly(styrene) [PS-
PI-PS] in mineral oil. The PI-block molecular weight is higher than the entanglement molecular
weight, which leads to the entanglement of PI-blocks at higher φ. The micellar microstructure for
all gels results in a similar stress relaxation mechanism, as captured by the superposition of stress-
relaxation results. Tensile testing experiments reveal a strain-rate dependence mechanical response
for the entangled gels. To capture the critical energy release rate (Γ0) over a range of φ, both
cavitation rheology and fracture experiments were performed and we obtain Γ0 ∼ φ2.0. The gel
moduli scale with the volume fraction as φ2.39, where the exponent is likely dictated by the change
in loop-to-bridge fraction with increasing φ.
I. INTRODUCTION
Physically assembled gels are used in many applica-
tions including in prosthetic, protective clothing, tissue
surrogates, and consumer orthotics products such as shoe
inserts.[1, 2] Out of many varieties, one of the common
physical gels consists of ABA triblock copolymers in B-
block selective solvents. Like any materials, the perfor-
mance of these gels depends on their microstructure. [3–
12] The microstructure of these gels originates from a
strong temperature-dependent solubility difference of A-
block (endblock) and B-block (midblock) in the chosen
solvent. As the temperature is decreased from an el-
evated temperature to below the gelation temperature,
a viscous liquid transforms into a gel-like material, as
the poorly-soluble A-blocks collapse to form aggregates
(crosslinks), and the soluble B-blocks bridge these aggre-
gates and act as load-bearing chains.[3–13]
In conventional chemically crosslinked gels, the change
in microstructure and the corresponding mechanical
properties with respect to the polymer volume frac-
tion are reasonably well-understood.[14] With increasing
concentration, the polymer chains form entanglements
leading to the rate-dependent mechanical properties.[14]
However, such a conclusion cannot be drawn directly
for the ABA type physical gels considered here, as the
block length and polymer volume fraction dictate the
microstructure and the resultant mechanical properties
in a complex, interdependent manner. For the lower
polymer concentration and shorter midblock length, the
chains (bridges) connecting the aggregates can be in the
stretched-state, and if the corresponding entropic penalty
is high, they prefer to form loops with two end blocks lo-
cated in the same aggregate. At higher polymer volume
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fraction and longer midblock length, the midblocks can
form entanglement. Also, the length of endblocks affects
the relaxation behavior by dictating the size and den-
sity of aggregates. The exchange of endblocks among the
aggregates and endblock pullout form an aggregate sub-
jected to mechanical deformation are important consid-
erations in dictating the mechanical behavior. A number
of studies have been conducted to link the gel mechan-
ical properties as a function of gel microstructure, but
a fundamental understanding regarding the structure-
property relationship is still incomplete.[3–5, 10–13]
In our previous study, we have investigated triblock
copolymer gels with varying midblock length while main-
taining a similar length of endblocks.[15] In this study,
we elucidate the effect of polymer concentration on gel
mechanical behavior. The midblock length is selected in
such a way that it forms entanglement at higher concen-
tration. For these gels, by changing the polymer con-
centration, the gel modulus can be varied significantly,
which makes it difficult to conduct mechanical charac-
terization using a single tool. Over the last few decades,
numerous techniques like shear-rheology,[7, 11, 12] punc-
ture mechanics,[16, 17] cavitation rheology,[18–22] con-
tact mechanics,[23] tensile tests,[24] fracture with a pre-
defined crack,[5, 15, 25, 26] and peel-tests[27] have been
implemented to probe these materials, however, each of
these techniques is applicable only over a range of mod-
ulus and provides very specific information. In our ap-
proach, we have used a combination of techniques to in-
vestigate the gel mechanical properties over a wide range
of polymer volume fraction (φ).
We have considered a gel-system consists of
poly(styrene)-poly(isoprene)-poly(styrene) [PS-PI-
PS] triblock copolymer (Kraton D1164) dissolved in
mineral oil, a midblock selective solvent. The φ is varied
from 0.044 to 0.181, which corresponds to the PS and
PI weight fractions in the range of 0.015-0.058, and
0.035-0.142, respectively (Table I). Low-strain behavior
of these gels has been probed by shear-rheometry while
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2TABLE I. Gel nomenclature, polymer weight fraction, poly-
mer volume fraction, and PS and PI weight fractions in re-
spective gels.
φ % wt PS (wt%) PI (wt%)
0.044 5 0.015 0.035
0.067 7.5 0.218 0.053
0.089 10 0.029 0.071
0.135 15 0.044 0.106
0.181 20 0.058 0.142
the responses at large deformation for high φ values have
been investigated using a custom-built tensile setup. The
critical energy release rate has been determined from
cavitation rheology (low φ) and fractures experiments
with a predefined crack (high φ). We aim to determine
the effect of polymer volume fraction on elastic modulus,
large strain deformation subjected to different strain
rate, and fracture energy-release rate.
II. MATERIALS AND METHODS
Materials. Kraton D1164 polymer (kindly pro-
vided by Kraton Inc.) and Klearol white mineral oil
(kindly provided by Sonneborn Inc.) were used here
for gel preparation [15, 26]. D1164 is a triblock copoly-
mer consist of poly(styrene)-poly(isoprene)-poly(styrene)
[PS- PI-PI]. Based on the manufacturer datasheet, the
average PS content of the polymer is 29% (w/w) and
the PI content is 71% (w/w). The molecular weight
of the D1164 was determined by using Agilent GPC at
135 ◦C using 1,2,4-trichlorobenzene as a solvent. Based
on the polystyrene standards, the overall number aver-
age molecular weight (Mn) and weight average molecu-
lar weight (Mw) were determined as ≈112 kg/mol and
≈125 kg/mol, respectively. Based on the wt% informa-
tion given by the manufacturer, we estimate the PS-block
molecular weight as 16.2 kg/mol and PI-block weight as
79.4 kg/mol.
Sample preparation. The desired amount of 20%
(w/w) polymer was dissolved in mineral oil using a mag-
netic stirrer (320 rpm) at an elevated temperature (100-
140 ◦C) [15, 26]. The sample was then placed in the
convective oven at 110 ◦C to allow the bubble to escape
and to obtain a clear solution. As shown in Table I, five
different volume fractions, 0.044, 0.067, 0.089, 0.135, and
0.181 were considered. Table I also displays the polymer
weight fraction, and the PS and PI weight fractions in
each gel.
Rheology experiments. For the rheology experi-
ments, the polymer solution was poured in a rectangular
mold to obtain a gel sheet of 2 mm thickness. Small sam-
ples (30 mm×30 mm) were then cut from this sheet for
the rheology experiments. A TA Instruments Discovery
HR-2 hybrid rheometer equipped with a Peltier plate was
used. Experiments were conducted using 25 mm diame-
ter parallel plate geometry. To avoid the sample slippage,
a 240 grit adhesive-backed silicon carbide sandpaper (Al-
lied High Tech Products Inc.) was attached to the top
and bottom plates.
Scattering experiments. Small-angle X-ray scat-
tering (SAXS) experiments were conducted on the gels
with φ=0.089, 0.135, and 0.181. All experiments were
conducted at room temperature (22 ◦C) with a sample-
to-detector distance of 2.5 m using the Xeuss 2.0 beam-
line. The data collection was performed using a Pilatus
1M detector. Igor 8 Nika package was used for data re-
duction from 2D scattering profile to 1D intensity (I(q))
versus scattering vector (q) plots.[28] Further, a custom-
built NCNR macro was used to fit the data with poly-
dispersed core hard-sphere.[29]
Cavitation experiments. Cavitation rheology (CR)
experiments were performed at room temperature using a
10 mL syringe. Most of our experiments were conducted
with a needle having an inner radius of rin ≈0.317 mm
and an outer radius of rout=0.454 mm. The needle was
inserted ≈15 mm inside the gel and was then retracted
3.45 mm to create a cylindrical cavity. Air was injected
at the rate of 5 mL/min in order to expand the defect.
In many occasions, the air was noticed to escape from
the needle-gel interface rather than expanding the cav-
ity. To circumvent that we have applied acrylic paint on
the needle to strengthen the adhesion between the needle
wall and gel. However, higher pressure necessary for high
polymer volume fraction still caused leaking, therefore,
the CR experiments could not be performed on φ=0.135
and 0.181 gels. Therefore, CR experiments were only
conducted on φ=0.044, 0.067, and 0.089 mostly using
the needle with rout=0.454 mm. For establishing the
P − rout relationship, needles with rout ≈ 0.455, 0.635,
0.8, and 0.915 mm were used. At least three CR exper-
iments were conducted for each case and an average is
reported here.
Tensile experiments. The tensile experiments were
performed at room temperature using a custom-built set-
up controlled by a NI LabVIEW program. For these ex-
periments, dog bone-shaped samples were prepared by
casting the hot polymer solution in a dogbone mold [24].
The gauge region of these samples had a height of 4.2 mm,
breadth of 4.2 mm, and a thickness of 9.5 mm, respec-
tively. The samples were supported on the experimental
set-up by using two pairs of supporting pins. The block
attached to the top supporting pin was moved to apply
the stretch through a moving stage (PI M414.1PD). Ten-
sile tests were performed on φ=0.089, 0.135, and 0.181
using three different stretch-rates viz. λ˙ = 0.0048, 0.048
and 0.48 s−1, respectively [15, 26]. A monochrome cam-
era (Grasshopper3, Point Gray Research Inc.) at 17
frames per second was used to capture images during the
experiments. The gauge region of samples was marked
with three lines for the purpose of stretch an stretch rate
measurements through an image processing program in
MATLAB, while the resultant force was measured based
on the bending of a cantilever attached to the top sup-
3FIG. 1. (A) Evolution of storage (G′) and loss moduli (G′′)
as a function of temperature measured using oscillation fre-
quency (ω) of 1 rad/s and amplitude (γ0) of 0.01 for the poly-
mer volume fractions (φ) of 0.044, 0.067, 0.089, 0.135, and
0.181, respectively. (B) G′ at room temperature and Tgel as
a function of φ. The solid line indicates a power law fit. Er-
ror bars represent one standard deviation obtained from three
repeats.
porting block.[15, 26]
Fracture experiments with a predefined crack.
Fracture experiments were performed using a custom-
built set-up.[25] Gel samples were prepared by casting
the hot polymer solution into a mold with a width of
80 mm, thickness of 3-4 mm, and a height of 35 mm.
In order to observe the fracture at a known position, a
sharp cut of length 5 mm was introduced in the mid-
dle of the sample. The samples were stretched continu-
ously with a stretch rate of 0.01 s−1 until the sample split
into two halves. Data post-processing and image process-
ing MATLAB program was implemented for estimating
crack- tip velocity.[15, 26] Further details regarding our
set-up and experimental protocol can be found in our
previous work.[15, 26]
III. RESULTS AND DISCUSSION
The gelation process has been captured by tracking
the storage (G′) and loss moduli (G′′) as a function of
temperature (T ). The samples behave like a viscous liq-
uid (G′′ > G′) at high temperature and form gels (G′ >
G′′) with decreasing temperature (Figure 1A). The gela-
tion temperature (Tgel) can be identified as a crossover
between G′ and G′′. For the polymer volume fractions
considered here, Tgel varies between ≈60-86 ◦C and in-
creases with φ (Figure 1B and Table S1), as higher end-
block concentration facilitates the network formation at
higher temperatures.[15] Since Tgel is significantly higher
than the room temperature (22 ◦C) and the G′ displays
a plateau at T < 45 ◦C for all gels, a well-formed gel
microstructure can be expected at room temperature at
which most of the experiments have been conducted.
The low-strain gel modulus, as obtained from the
plateau modulus in Figure 1A, increases with φ (Fig-
ure 1B). A power-law fitting provides G′ ∼ φ2.39±0.38.
Note that, the G′ used here corresponds to the oscil-
lation frequency (ω) of 1 rad/s and strain amplitude
(γ0) of 0.01, the exponent may vary with these pa-
rameters. The molecular weight of PI-block in the tri-
block polymer considered here (MPI ≈79.4 kg/mol)
is higher than the PI entanglement molecular weight
of Me,PI ≈6.4 kg/mol in the melt phase.[14, 26, 30]
An average number of entanglement per chain in the
gel phase can be theoretically estimated by ne =
φ4/3(MPI/Me,PI).[14, 30] For φ=0.0181, the highest
polymer volume fraction considered here, we obtain
ne ≈ 1.3 indicating slightly entangled PI-blocks.[26] For
other gels, ne < 1 suggests no PI entanglements in the
gel. Although φ2.39 signifies some level of chain en-
tanglement, as commonly accepted for the chemically
crosslinked networks,[14] it is unlikely for all φ values
considered here. In literature, a similar power-law ex-
ponent has also been reported for acrylic gels consist-
ing of poly(methylmethacrylate)- poly(n-butyl acrylate)-
poly(methylmethacrylate) [PMMA-PnBA-PMMA] in 2-
ethyl 1-hexanol, where the midblock entanglement is
also unlikely.[31] We hypothesize strong φ dependence
of modulus in our gel is related to the network struc-
ture, as at low φ the loop formation of midblocks is pre-
ferred over the bridges. As a result, the aggregates are
not well-connected, having some similarities with the col-
loidal gels for which a power exponent, as high as 4.2 is
observed.[32–34]
We have probed the gel microstructure using small-
angle scattering experiments (SAXS) at room tempera-
ture. The scattering profiles are typical to self-assembled
gels that consist of a combination of structure and
form factors related to the spherical aggregates (see
Figure S1A). The structure factor originates from the
inter-aggregate scattering and the form factor signifies
the size and shape of aggregates. As φ increases from
0.089 to 0.181, a clear correlation peak related to the
inter-aggregate scattering shifts from q ≈0.018 Å−1 to
0.02 Å−1 and the intensity (I(q)) also increases. Simi-
larly, the second peak related to the form factor shifts
from q ≈0.031 Å−1 to 0.036 Å−1 (Figure S1B). A poly-
dispersed core hard-sphere model with Percus-Yevick clo-
sure (Figure S1C) fits the SAXS data reasonably well over
the q range of 0.015-0.06 Å−1 (Figure S1A) validating the
micellar microstructure of these gels.[5, 12, 15, 26] In this
model, the PS aggregates represent the spherical core.
Fitting of scattering data captures an increase in the
aggregate radius (r0) and a decrease in the hard-sphere
thickness (s) with increasing φ (Table S2). An increase
in core radius suggests a higher number of PS-blocks in
an aggregate. A decrease in s represents a decrease in
distance between the aggregates. The lower hard-sphere
radius (r0 + s) at higher φ indicates a relatively com-
pact packing resulting in higher hard-sphere volume frac-
tion (ψ). Twice of the hard-sphere thickness (2s) pro-
vides an estimate of the PI-block length in gel, which we
have estimated as 23.8, 20.8, and 17.4 nm for φ=0.089,
0.135, and 0.181, respectively. For a θ-solvent, the end-
to-end distance of the PI block can be estimated as,
4FIG. 2. (A)Time dependent shear modulus (G(t)) as a func-
tion of time (t) for all samples obtained from the stress relax-
ation experiments performed at 22 ◦C. A shear strain of 0.01
was used and sample was allowed to relax for 1800 s. (B) Su-
perimposed normalized modulus (G(t)/G0) as a function of
normalized time (t/τSR) for different φ. Error bars represent
one standard deviation.
Re = bPI
√
N = 21.6 nm, where, bPI is PI-block Kuhn
length, and N is the number of Kuhn segments.[14, 26]
The ratio of 2s/Re indicates whether the chains are
stretched or compressed. We have estimated 2s/Re ≈1.1,
0.96, and 0.80 for φ=0.089, 0.135, and 0.181, respectively.
These indicate slightly compressed PI-blocks for φ=0.135
and 0.181. In reality, mineral oil is a good solvent for
the PI blocks, and the actual Re is higher than that es-
timated considering θ-solvent, therefore, the midblocks
can be expected to be more compressed. The 2s/Re > 1
values indicate that the midblocks are slightly stretched
at the lower φ.[15] Such stretching of midblocks also pro-
motes the loop formation rather than bridges between
the aggregates.
The stress-relaxation in these gels takes place via.
endblocks exchange among aggregates.[5] The heteroge-
neous microstructure of these gels results in a range of
time scale associated with the endblock exchange, con-
sequentially, these gels exhibit a distribution of relax-
ation time.[9, 11] Such relaxation behavior is often cap-
tured by fitting a stretched exponential model to the
stress-relaxation experimental data.[5, 11, 35] This model
is expressed as, G(t) = G0exp
(
− (t/τSR)β
)
, where,
0 ≤ β ≤ 1, G(t) is time-dependent shear modulus, G0
represents the zero-strain shear modulus,[9] τSR is the
characteristic relaxation time, and β is the stretched ex-
ponent originates from polydispersity in the gel network.
A reasonable fitting is obtained for all gels by fixing
β=1/3 (Figure 2A).[9] G0 and τSR have been found to in-
crease with φ (Table II). Figure 2B displays the normal-
ized stress-relaxation modulus (G(t)/G0) as a function
of normalized time (t/τSR). Interestingly, all relaxation
data overlap forming a master curve indicating the same
relaxation mechanism in these gels as a result of similar
micellar microstructure for all volume fractions.[9]
Below Tgel, the time-temperature-superposition of the
rheological data can be achieved to obtain a master
TABLE II. Zero-strain shear modulus (G0) and stress relax-
ation time (τSR) for samples obtained from fitting the stress
relaxation curves to the stretched exponential function.
φ G0(kPa) τSR(s)
0.044 0.855±0.009 1222±149
0.067 2.506±0.017 1835±146
0.089 3.863±0.009 3158±101
0.135 7.356±0.011 5765±129
0.181 11.183±0.008 10163±131
curve for G′ and G′′ as a function of shifted oscilla-
tion frequency (aTω), where aT is a shifting factor (Fig-
ure S2).[13, 15] The aT values are fitted with Arrhenius
equation, aT = exp ((Ea/R)(1/T − 1/Tref )), where R is
gas constant and Tref=22 ◦C is the reference tempera-
ture. Ea is a fitting parameter representing the activa-
tion energy mostly related to the endblock pull-out or
endblock exchange.[36] Interestingly, the Ea values do
not change significantly with the polymer volume frac-
tion and are in the range of ≈185-215 kJ/mol (Table S3).
This further supports our argument made from the stress
relaxation experiments that the relaxation process in all
gels is similar and endblock pullout from aggregates dom-
inates the relaxation process. Also, such a relaxation
process does not change with temperature, as long as
the samples are in the gel state, i.e., below the gelation
temperature.
We have not observed any significant variation in G′
and G′′ while varying the oscillation amplitude, 10−4 <
γ0 <1 (Figure S3). To probe the large deformation be-
havior of these gels, we have conducted tensile tests.
Figure 3A-C displays nominal stress (σ0) as a function
of stretch ratio (λ) obtained from the tensile tests per-
formed on gels with φ=0.089, 0.135, and 0.181 using
stretch rate λ˙ =0.0048, 0.048, and 0.48 s−1, respectively.
Due to the low sample stiffness, tensile tests could not
be performed on the gels with φ=0.044 and 0.067. For
φ=0.089 and 0.135, all three λ˙-curves overlap indicating
that the effect of λ˙ is not significant, while for φ=0.181,
all λ˙-curves are distinct (Figure 3).
For φ=0.089 and 0.135, the low-strain modulus can
be estimated by fitting neo-Hookean model with the
experimental data. For the uniaxial load, σ0 =
Gc
(
λ− λ−2), where Gc is shear modulus contributed
by the crosslinks.[14] We obtain Gc ≈ 4.3±1 and
8.6±1 kPa for φ=0.135 and 0.089, respectively. These
results are similar to that obtained from the temper-
ature sweep experiments (Figure 1A and Table S1).
For φ=0.181, an increase of modulus (dσ0/dλ) with
increasing λ˙ can be observed (Figure 3), which can
be attributed to the slight entanglement of the PI-
blocks.[15, 26] Slip and Tube model[37] expressed as,
σ0 =
[
Gc +Ge(0.74λ+ 0.16λ
−1/2 − 0.35)−1] (λ − λ−2),
captures the data reasonably well. The fitting provides
the contribution of entanglements in modulus (Ge) as
0.079, 2.7 and 8.7 kPa for λ˙= 0.0048, 0.048 and 0.48 s−1,
5FIG. 3. Tensile test results for φ= 0.089 (A), 0.135 (B), and 0.181 (C) performed at λ˙ ≈ 0.0048, 0.048 and 0.48 s−1, respectively.
Error bars represent one standard deviation. The line represent the model fit for each case.
respectively, while fixing the Gc = G′22◦C=11.1 kPa.[26]
This suggests that at higher λ˙, the entanglements be-
have like temporary crosslinks and increase the modu-
lus of gels. An increase in sample stretchability, i.e.,
higher failure strain (λf ), at higher φ is observed (Fig-
ures S4 and S5) and that can be attributed to the slightly
compressed midblocks at higher φ, resulting in a higher
stretch before failure. At higher λ˙, the PI-chains stretch
faster, not allowing sufficient time for stress transfer to
the PS-blocks for pullout from aggregates to take place
and this likely leads to a higher λf .
To understand the effect of φ on the fracture behav-
ior, we have determined the critical energy release rate
(Γ0) for these gels by selectively conducting cavitation
rheology (CR), and fracture experiments initiated from
a predefined crack. Because of low-modulus, gels with
φ=0.044 and 0.067 cannot be tested using fracture exper-
iments, therefore, only CR has been used. For φ=0.089,
0.135 and 0.181, fracture experiments have been con-
ducted. CR has also been performed on φ=0.089 to com-
pare Γ0 obtained from both of these experiments. For
φ=0.135 and 0.181, weak adhesion between the gel and
needle-wall was observed resulting in air escape through
the interface. Therefore, CR experiments for these sam-
ples are not reliable. However, a combination of CR and
fracture experiments enable us to investigate the failure
of these gels over a wider concentration range.
Inserting a needle in a gel can pre-stress the gel in
front of the needle-tip. However, it has been shown
that retracting the needle beyond a critical distance (dr)
can release that stress and the subsequent CR experi-
ments provide reasonable results.[38] Now, dr can be es-
timated as dr ≈
√
routΓ0/G′ ≈1.5 mm, by considering
Γ0 ≈50 J/m2, G′ ≈ 104 Pa, and rout ≈454 µm. In our
experiments, we have used dr≈3.75 mm, enough to re-
duce the impact of needle-induced stress on the critical
pressure. For the needle with rout ≈454 µm, the needle
retraction creates a hollow cylinder or cavity with the
aspect ratio, L/rout ≈ 8.25. Upon pressurization beyond
a critical pressure (Pc), this cavity expands in the radial
direction because of elastic instability or fracture of the
gel.
Figure 4A displays the applied pressure as a function
of time for φ=0.044, 0.067, and 0.089, respectively. The
cavity expansion during pressurization for φ=0.067 and
0.089 are shown in Figure 4B1-B3 and C1-C3, respec-
tively. Interestingly, Pc is not very sharp in the present
gel in comparison to that observed for polyacrylamide
gels,[19] vitreous biomaterials,[18] and acrylic gels.[10]
Rather, the pressure drop appears to be smoother, which
is similar to that reported for the high concentration
cured PDMS (Sylgard 184) and has been attributed to
the gel fracture.[38]
For crack growth in an incompressible linear elas-
tic material, Γ0,LE ≈ (3pi/4)(P 2c rout/E) considering
plain strain approximation, where Pc corresponds to
the critical pressure for gel fracture (see Support-
ing Information).[39] Using the approach, we obtain
Γ0,LE ≈ 3.17, 4.47, and 5.66 J/m2 for φ=0.044, 0.067,
and 0.089, respectively (see Table S4). While for the
inflation of well-defined cylindrical shaped crack, an ap-
proach provided by William and Schapery (WS)[40] es-
timates Γ0,WS ≈ (27/4)(P 2c rout/E) (Table S4). Our cal-
culation indicates Γ0,WS ≈ 9.10,12.80, and 16.24 J/m2
for φ=0.044, 0.067, and 0.089, respectively (Table S4).
Both of the above approaches captures Pc ∼ r−1/2out rela-
tionship. As shown in Figure 4A inset, this relationship
has been validated by using needles of different radius as
we obtain a reasonably good linear fit between Pc and
r
−1/2
out .
Both of the approaches estimate the release of strain
energy stored in the material upon crack opening, how-
ever, it differs due to the initial shape of the cavity. The
prefactor 27/4 in the linear elasticity approach is dictated
by the stress concentration (localization) in the crack ge-
ometry, while the WS approach does not consider such
stress concentration. As a result, the Γ0,LE is 2.8 times
lower than Γ0,WS , similar to what observed in the case of
penny shape crack.[41] In our case, the needle retraction
creates a distorted cylinder with defects at the wall (see
Figures 4B1 and C1) leading to the stress-localization
6FIG. 4. (A) Pressure as a function of time from the cavitation rheology (CR) experiments for the polymer volume fractions,
φ=0.044, 0.067, and 0.089, respectively. Inset represents the critical pressure (Pc) as a function of needle outer radius (rout).
Photomicrographs of cylindrical cavity expansion for φ=0.067 (B1-B3), and φ=0.089 (C1-C3).
FIG. 5. Energy release rate (Γ) as a function of crack tip
velocity (v) obtained from the fracture experiments with a
predefined crack for φ=0.089, 0.135, and 0.181, respectively.
The inset shows the critical crack velocity (v∗) as a function
φ.
at those defects, therefore, the linear elastic approach is
more relevant for our case.
The results of fracture experiments with a predefined
crack are displayed in Figure 5 for φ=0.089, 0.135, and
0.181, respectively. In these experiments, a rectangular
sample with a sharp crack is clamped between two bars.
The top bar has been moved upward continuously to ex-
tend the crack length. The energy release rate (Γ) is cal-
culated from the energy stored in the sample at a partic-
ular crack length as a result of applied stretch.[6, 25, 26]
The crack-tip velocity (v) is estimated from the time-
lapsed images of crack propagation.[26] For all samples Γ
scales linearly with the crack-tip velocity (v), indicating
viscous-dissipation phenomena related to the PI-chain
TABLE III. Critical energy release rate (Γ0) and charac-
teristic crack-tip velocity (v∗) as fitted parameters obtained
from fitting the fracture experiment data using Γ = Γ0(1 +
v/v∗)n=1.
φ Γ0 (J/m2) v∗ (mm/s)
0.089 3.10 ± 0.40 0.27
0.135 19.27 ± 0.43 0.37
0.181 51.25 ± 1.01 0.38
motion in mineral oil.[25, 26] The experimental data is
fitted with the expression, Γ = Γ0(1+v/v∗)n, where v∗ is
the characteristic crack tip velocity, and exponent n is a
fitting parameter fixed to 1 due to the linear relationship
between Γ and v.[15, 26] We obtain v∗ varying between
0.27-0.38 mm/s and decreases slightly with increasing φ
(Figure 5 inset and Table III). The Γ0 values for φ=0.089,
0.135, and 0.181 have been estimated as 3.10, 19.27, and
51.25 J/m2, respectively. Γ0 for φ=0.089 obtained from
the CR and fracture experiments are of the same order
of magnitude, even considering different possible mod-
els to estimate Γ0 from the Pc value. There are other
factors that can contribute to the different Γ0 values be-
tween two techniques such as uncertainties in detecting
the exact crack-tip position, and system compliance for
the fracture and CR experiments.
Figure 6 summarizes the Γ0 values obtained from the
CR and fracture experiments as a function of φ. A power-
law fit ( Γ0 ∼ φm) estimates the exponent m as 2.0.
For acrylic gels, a similar value of m=2.1 has been de-
termined from fracture experiments.[31] Similar to the
present case, the midblock molecular weight in that study
was higher than the entanglement molecular weight of
the polymer and no midblock entanglement is expected
in the probed range of φ.[31] In contrast, using CR ex-
7periments on gelatin gels, it has been shown that m=2.4
and 0.6 for the entangled and non-entangled systems,
respectively.[42] The Γ0 − φ relationship for physically
assembled gels is not completely understood and in our
case it likely depends on the ratio of loop and bridge
fractions. However, further investigation is needed.
IV. CONCLUSIONS
Our study develops a comprehensive understanding
of small and large deformation mechanical behavior of
physically assembled PS-PI-PS gels over a wide φ-range
probed by using multiple experimental techniques. A
similar relaxation mechanism displayed by a superposi-
tion of stress relaxation results can be attributed to the
similar micellar microstructure. Due to the entanglement
of PI-block at higher volume fraction, the gel displays a
strain-rate dependent modulus at higher φ. The criti-
cal energy release rate determined by cavitation rheology
and fracture experiments displays Γ0 ∼ φ2.0. G′ ∼ φ2.39
relationship observed for these gels can be attributed to
the change in loop-to-bridge fraction ratio with increasing
φ, however, further investigation is needed for a quanti-
tative analysis.[43]
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FIG. 6. Critical energy release rate (Γ0) obtained from the
cavitation rheology (open symbols) and fracture experiments
(closed symbols) as a function of polymer volume fraction(φ).
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Table S1: Gelation temperature (Tgel), and storage modulus at room temperature (G′22◦C)
for all gel samples.
φ Tgel G
′
22◦C (kPa)
0.044 59.8 0.671
0.067 60.7 1.929
0.089 63.4 2.923
0.135 72.3 4.913
0.181 86.0 12.692
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Figure S1: (A) Circular averaged intensity (I(q)) as a function of scattering angle (q) for
φ=0.089, 0.135, and 0.181, respectively. The lines show fit with the polydispersed core
hard-sphere model with a Percus-Yevick approximation. (B) For illustration, the I(q) and
corresponding fit line for φ=0.135 and 0.181 are shifted by 3000 and 6000 units along the
y-axis, respectively. (C) Schematic representing the polydispersed core hard-sphere model,
where the core represents the PS aggregates with a Gaussian distribution (σ) in radius (r0).
The hard-spheres are fictitious in nature with thickness of s. The hard-sphere volume fraction
is ψ.
Table S2: Parameters obtained from fitting small angle scattering (SAXS) data to polydis-
persed core hard-sphere model with Percus-Yevick closure.
φ Core radius,
r0(nm)
Hard-sphere
thickness,s(nm)
Polydispersity
(σ/r0)
Volume
fraction(ψ)
Aggregation
number
0.089 7.1 11.9 0.29 0.42 62
0.135 7.2 10.4 0.19 0.44 71
0.181 8.0 8.7 0.24 0.47 76
2
Figure S2: (A1) Evolution of G′ and G′′ as a function of frequency (ω) using strain amplitude
γ0=0.01 for φ= 0.044(A1), 0.067(B1), 0.089(C1), 0.089(D1), and 0.181(E1), respectively, at
different temperatures. The time-temperature superposition (TTS) curves for φ= 0.044(A2),
0.067(B2), 0.089(C2), 0.089(D2), and 0.181(E2), respectively, obtained by shifting the curves
horizontally using a shifting factor aT . Shift factor aT fitted with Arrhenius equation for φ=
0.044(A3), 0.067(B3), 0.089(C3), 0.089(D3), and 0.181(E3), respectively, using the reference
temperature Tref=22 ◦C. Error bars represent one standard deviation.
3
Table S3: Activation energy (Ea) for all samples obtained by fitting Arrhenius equation with
the TTS shift factors (aT ). Here, the reference temperature is Tref=22 ◦C.
φ Ea (kJ/mol)
0.044 210.9
0.067 195.8
0.089 191.6
0.135 186.8
0.181 215.6
Figure S3: G′ and G′′ plotted for φ=0.044, 0.067, 0.089, 0.135, and 0.181, respectively, as
a function of oscillation amplitude, γ0=0.01-100% using oscillation frequency, ω=1 rad/s at
22 ◦C. Error bars represent one standard deviation.
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Figure S4: Nominal stress (σ0) as a function of stretch ratio (λ) obtained from the tensile
tests using stretch rate, λ˙ ≈0.48 s−1 for φ=0.089, 0.135, and 0.181, respectively. Error bars
represent one standard deviation.
Figure S5: Fracture stress (σf ) as a function of maximum stretchability (λf ) for φ=0.089,
0.135, and 0.181 obtained from tensile experiments using stretch rate, λ˙= 0.0048, 0.048 and
0.48 s−1, respectively.
5
Estimation of Energy Release Rate
The energy release rate (Γ) can be calculated based on the framework provided by Griffith.
Based on his definition, the Γ is defined as a change in the energy stored in materialW upon
increasing the surface area.
Γ0 = lim
dA→0
[
U(rout)− U(rout + drout)
dA
]
(S1)
Here, U is the strain energy and A is the surface area of cavity.
WS approach
The strain energy density function (W (λ)) of the neo-Hookean material is given as:
W (λ1, λ2, λ3) =
E
6
(
λ21 + λ
2
2 + λ
2
3 − 3
)
(S2)
Due to large L/rout ≈8.25, we can assume that the longitudinal stress (in 2 or r-direction) will
be significantly lower than the hoop stress (in 1 or L-direction), resulting in the expansion
of cavity in radial direction rather than the axial direction. Note that, we have observed the
similar behavior in our experiments and is also reported previously for acrylic gels.1 Using
the incompressibility condition, this leads to the λ1 = λ, λ2 = 1, and λ3 = 1/λ. Plugging
into the Eq. S2, we get:
W (λ) =
E
6
(
λ2 +
1
λ2
− 2
)
(S3)
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Figure S6: Schematic of cylindrical cavity expansion based on the framework provided by
William and Schapery.2
The WS approach is based on a cylindrical cavity expanding to a higher radius with
the length remains unchanged. The initial cylindrical cavity has the length L and radius
rout, which provides surface area as 2piroutL and volume as pir2outL. Upon application of a
pressure (P ), the energy stored in the system will be in the form of elastic strain energy
leading to a change in the radius by drout. Note that, here we are assuming negligible change
in the L during cavity expansion due to high aspect ratio, as maintained in our experiments.
Using Eq. S3 for strain energy density, the change in strain energy of cylindrical cavity upon
changing the cavity volume dV can be estimated as:
dU = W (λ)dV =
E
6
(
λ2 +
1
λ2
− 2
)
piroutLdrout (S4)
Consequentiality, the change in the area dA is 2piLdrout, which estimates the energy
release rate from Eq. S1 as:
Γ0 =
Erout
12
(
λ2 +
1
λ2
− 2
)
(S5)
In the low strain limit, λ→ 1, the Γ0 approaches to 27P 2rout/(4E).
Linear Elastic Mechanics approach
According to the linear elastic mechanics, the small strain energy release rate can be esti-
mated as, Γ0 = (3pi/4)(P 2c rout/E).3
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Figure S7: Schematic of cylindrical cavity expansion based on the framework provided by
linear elastic mechanics.3
Table S4: Critical energy release rate estimated from linear elastic mechanics (Γ0,LE) and
Willam and Schapery approach (Γ0,WS) using cavitation experiments.
φ Γ0,LE (J/m2) Γ0,WS (J/m2)
0.044 3.17 ± 0.00 9.10 ± 0.10
0.067 4.47 ± 0.00 12.80 ± 0.08
0.089 5.67 ± 0.00 16.24 ± 0.15
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